Abstract. System-in-package (SiP) has become a mainstream technology in IC package industry as it provides the solutions to the growing needs of high speed functions, mobility/portability, energy efficiency, and miniaturization of electronic products. One special form of SiP is the multi-chip module (MCM) in which multiple integrated circuits (ICs), semiconductor dies or other discrete components are packaged onto a unifying substrate. Thus, the reliability of package integrity becomes one of the major reliability concerns. In the present paper, a robust design analysis on the thermo-mechanical reliability of an MCM package with flip-chip technology is demonstrated. Our results show that for the specific package, the CTE of the substrate is the most influential factor to the fatigue reliability of the package. The optimal combination of the parameters is recommended. The robust design analysis optimizes the fatigue life from 165 cycles to 1080 cycles which is a 554.5% gain on the fatigue life.
Introduction
In echoing to recent 3C needs for high speed functions, mobility/portability, energy efficiency, and miniaturization, system-in-package (SiP) has become a mainstream technology in IC package industry. One special form of SiP is the multi-chip module (MCM) in which multiple integrated circuits, semiconductor dies or other discrete components are packaged onto a unifying substrate. Examples of MCM application are such as Intel Core 2 Quad, IBM POWER-s processor, AMD processors for Socket G34, etc. The MCM itself is often referred to as a "chip" in designs, thus becoming an essential approach of device package, considering the demands of multi-functionality and system miniaturization [1, 2] . As modern demands and IT Technology continue to grow, more and more chips and accompanied components are mounted on a miniaturized MCM substrate. MCM package integrity thus becomes one of the major reliability concerns. During fabrication and operation, an MCM package goes through various handling especially changes in temperature that incur stresses within the packaging due to mismatch of the coefficients of thermal expansion (CTE) of the constituent materials.
In recent years, environmental, business, and legislatives concerns have driven the microelectronic industry towards implementation of lead-free solder alloys. The infrastructure including designs, materials, processes, components, substrates, PCBs, reliability, etc. is built around lead-free solder alloys whose melting point is around 30~40°C higher than that of traditional lead-contained solders. As a result, during soldering assembly, the components including the substrate are subject to much higher temperatures. In addition, lead-free solders present a complex nonlinear deformation when subjected to a thermal cycle; thus the thermal-mechanical behavior of the package becomes more complicate to be predicted.
Many studies [3] [4] [5] have employed finite element analysis (FEA) as efficient computer modeling techniques for the assessment of thermal-mechanical behavior of electronic packages. FEA has been used extensively for thermo-mechanical reliability design and provides a virtual mechanics tool to model and simulate temperature cycling.
In this paper, a robust design analysis on the fatigue reliability of the lead-free Sn3.5Ag solder in an MCM package with flip-chip technology is presented. A 3D finite element sliced model is constructed. The model is subject to a thermal cycling with temperature varying between -40°C and 125°C. Temperature and time dependent behavior of the solders is modeled with multi-linear isotropic hardening rule and a creep constitutive relation. In performing the robust design analysis, five parameters are chosen as the control factors to be implemented in an L 18 orthogonal array. The relative importance of the factors is concluded using the results of the experiments defined in the array and sensitivity analysis in terms of factor response graph where signal to noise (S/N) ratio versus parameter levels is drawn. A combination of the parameters that may yield optimal fatigue life for the solder is recommended.
Model description
Multi-chip module package. The MCM package consists of a 12×12×0.65 mm 3 large CPU chip with 36×36 array pads and two 6×6×0.65 mm 3 small memory chips with 18×18 array pads. These chips, with flip chip technology, are attached to a substrate of 0.5 mm thickness and with Sn3.5Ag solder bumps as interconnection. The solders have a diameter 0.15 mm and 300 µm pitch. Underfill fills the gaps (0.075 mm) between the chips and the substrate. The assembly is then mounted to a FR-4 printed circuit board of 1.0 mm thickness using Sn3.5Ag solder balls of 0.5 mm diameter and 1.0 mm pitch as signal connection. On the top of the assembly, thermal adhesive and structural adhesive are used to attach a heat spreader onto the chips as well as the substrate. The thermal adhesive (0.225 mm) improves dissipating the heat generated by the chips and the structural adhesive (0.075 mm) improves the rigidity of the heat spreader and substrate construction. Fig. 1 shows the schematic of the planar view of the package model. Due to symmetric geometry, Fig. 1 shows right half of the model; the left edge implies the plane of symmetry. To efficiently carry out the analysis while preserve the accuracy for this study, a sliced model cut from the MCM package is considered. The sliced model in half of the package and has a thickness of one half of the solder ball pitch. The rear plane (x-y plane with z=0) and the half cut plane (the hidden y-z plane with x=0) are the planes of symmetry and the point at the intersection of the two symmetric planes and the bottom plane is fully constrained to avoid rigid body motion. The frontal plane is set structurally coupled to prevent out-of-plane (z-dir.) deformation. . It is assumed all materials to be linear elastic except the lead-free solder alloy. Table 1 presents the material properties of the components except for the solders. The Sn3.5Ag solder alloy is considered to be viscoplastic. A multi-linear isotropic hardening model is employed to describe its temperature dependent behavior.
The steady-state creep constitutive equation employed in this study is the Garofalo-Arrhenius creep model [6] and is expressed as follows
where ε is the uni-axial steady-state creep strain rate, σ is the applied stress, C 1 , C 2 , C 3 , and C 4 are material constants and, respectively, are C 1 =18(553-T)/T (1/sec, T in K), C 2 =1/(6386-11.55T) (1/MPa, T in K), C 3 =5.5, and C 4 =5802K for Sn3.5Ag solder alloy [7, 8] . Temperature cycling load. The package is subjected to a thermal loading history as accelerated temperature cycling. The temperature history consists of temperature fluctuating cycles between -40°C and 125°C. It is assumed that the loading initiates at room temperature, 25°C and that stress free condition also takes place at this temperature. The residual stress due to manufacturing process is ignored. Each cycle totals 30 minutes starting at 25°C and up to 125°C in 364 seconds. The dwelling time is 5 min. Five temperature cycles are imposed on the package.
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Fatigue model. In this study, solder is modeled as viscoplastic material which is vulnerable to fatigue failure under cyclic loading. The modified Coffin-Manson equation suggested in [9] to assess the low cycle fatigue life is considered,
where N f is the mean cycles to failure, ∆ε is the accumulated equivalent strain range. In addition, the material-dependent constants, Θ and κ, are considered 0.043 and 2.5, respectively. In this study, the accumulated equivalent strain range is evaluated at the solder ball having the greatest DNP [10] .
Robust design. In this work, the robust design using orthogonal array, which is often referred to as the Taguchi method is applied [11] . The signal-to-noise (S/N) ratio is employed to evaluate if robustness is achieved. In this study, the fatigue life of the solder is of interest, so the criterion of larger-the-better is applied. The S/N ratio corresponding to larger-the-better is
where, in this study, y is the fatigue life and n, the number of observation of y, equals to one. Robust design, a practical approach to full-factorial experiments, consists of a set of experiments where the settings of the various design parameters (control factors) are changed at different levels. The experimental results are used to determine the significance of each control factor. In our analysis, we select five parameters as the control factors. They are substrate thickness, the CTE of the substrate, heat spreader thickness, chip thickness, and PCB thickness and are captioned A, B, C, D, and E, respectively. Three levels are assigned to each control factor. The values of each control factor associated with each level are shown in Table 2 . 
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range is evaluates on the solder ball with the greatest DNP, and the fatigue life is accordingly calculated for that experiment. The relative importance of the factors is concluded using the results of the eighteen experiments and sensitivity analysis in terms of factor response graph where signal to noise (S/N) ratio versus parameter levels is drawn. The most significant control factor contributes the greatest scatter. Table 3 summarizes the fatigue lives for the experiments as well as their S/N ratios set by the L 18 orthogonal array. It is seen that the 10 th experiment with the substrate thickness set at 0.4 mm (level 1), the CTE of the substrate at 45 ppm/°C (Level 1), the heat spreader thickness at 0.6 mm (Level 3), the chip thickness at 0.78 mm (Level 3), and the PCB thickness at 1.0 mm (Level 2), denoting as A1B1C3D3E2, contributes the greatest fatigue life of 1030 cycles. The 18 th experiment with A3B3C2D1E2 reveals the smallest fatigue life. The response graph of S/N ratio for each factor is presented in Fig. 2 . It is seen that the CTE of the substrate (control factor B) has the largest variation in response thus is the most dominating factor on the fatigue life of the solders. On the other hand the thickness of heat spreader is the least influential factor as its narrowest variation in response indicates the lowest rank in effect. As the thickness of the heat spreader is the least effective, pooling of errors is carried out. Our results reveal that that the CTE of the substrate and the substrate thickness the most influencing parameters followed by the PCB thickness and the chip thickness (with at least 99% confidence level). The optimal combination of the parameters is obtained as A1B1D3E2. With this combination coupled with other parameters set at nominal as input to the FEA model, a fatigue life of 1080 cycles is obtained that is greater than the 1030 cycles obtained from the 10 th experiment. The S/N ratio for this combination is 62.71with a confidence interval (CI) of 2.55; that is, the S/N ratio falls in [60.16, 65.26]. On the other hand, the predicted S/N ratio using 1080 cycles is 60.67 and the confidence interval is 4.47 which means the S/N ratio falls in [56.20, 65.14] with 99% confidence. Therefore, it may conclude that the fatigue life of 1080 cycles is an optimal fatigue life as the two ranges of the S/N ratios overlap with significant fraction.
Results

Shown in
The fatigue life corresponding to A2B2C2D2E2 is also numerically computed which is 165 cycles. Note that the values associated with Level 2 of the factors are the original ones that have been described in Sec. 2. The S/N ratio is then calculated again to be 43.89 with a confidence interval of 2.55. Similarly, the predicted S/N ratio is 44.35 and the confidence interval is 4.47 with a confidence level of 99%. In conclusion, the optimal combination of A1B1D3E1, that is, the substrate thickness at 0.4 mm (Level 1), the substrate CTE at 45 ppm/°C (Level 1), the chip thickness at 0.78 mm (Level 3), and the PCB thickness at 0.8 mm (Level 1) provides a 554.5% gain of fatigue life over the package having the parameters with nominal values.
Conclusions
A thermo-mechanical study on an MCM package with flip-chip technology has been demonstrated with a 3-D finite element model. Finite element analysis coupled with robust design analysis is implemented. This model incorporates a time and temperature-dependent nonlinear behavior for the lead-free Sn3.5Ag solders in the package. Our robust design analysis reveals that for this specific package, the CTE of the substrate is the most dominant parameter on the fatigue reliability of the package. Moreover, with the substrate thickness set at 0.4 mm, the CTE of the substrate of 45 ppm/°C, the heat spreader thickness 0.6 mm, the chip thickness 0.78 mm, and the PCB thickness at 0.8 mm, the largest fatigue life of 1080 cycles can be obtained for the MCM package. This number of fatigue life compared with that obtained with those parameters being set at nominal values gives a 554.5% gain on the fatigue life.
